Abstract
Introduction

66
Acceleration in scanning speed is a long-standing goal of MRI research, and substantial gains in 67 acquisition speed have been achieved by advances in both hardware and software. One major advance 68 of particular interest to neuroimaging researchers is the development of 'multiband' or 'Simultaneous 69
Multi-Slice' (SMS) sequences for functional MRI (Moeller et al., 2008) . These use multiband excitation 70 pulses to excite and collect multiple slices simultaneously, and provide increases in temporal resolution 71 in line with the number of slices acquired at once; so a multiband factor of two acquires two slices 72
simultaneously. This allows double the number of slices to be acquired in the same TR, or halves the 73 repetition time (TR) needed for the same number of slices. High (up to 16) acceleration factors have 74 been demonstrated (Moeller et al., 2008; 2010) , that can substantially reduce the TR required for whole-75 brain imaging, and produce time-series with very high temporal resolution. However, as an 76 undersampling technique, multiband sequences may produce decreased temporal signal to noise ratio 77 (tSNR; Chen et al., 2015) and increased levels of images artefacts, in particular 'slice-leakage' effects 78 Todd et al., 2016) . The trade-off between the benefit of higher temporal resolution 79 and the cost of higher levels of noise and/or artefacts is important to characterize as these sequences 80 become widely adopted. 81
The benefits of higher temporal resolution in fMRI may not be entirely obvious, considering that fMRI 82 samples the BOLD (Blood-Oxygen-Level-Dependent) effect; a relatively low-frequency signal. Sampling 83 this slow signal at a higher rate (beyond that necessary to adequately model it) may therefore seem to 84 provide little benefit. However, BOLD effects are usually quantified using statistical methods, and those 85 statistical tests depend crucially on the number of independent data points. Increasing the sampling rate 86 reduces the influence of noise on statistical measures of the BOLD signal in much the same manner as 87 more averaging of repeated measurements reduces the effect of noise and produces a more robust 88 estimate (Miller, Bartsch, & Smith, 2016 ). Higher sampling rates can therefore potentially benefit the 89 statistical outcome measures that researchers are often most interested in. 90
Previous work has shown that these sequences are indeed useful in this regard, within certain task 91 domains or experimental approaches. Smith et al. (2010) used multiband sequences to increase the 92 image resolution (2mm isotropic) of the entire brain with the same TR, and with signal-to-noise 93 characteristics equivalent to standard EPI sequences. These sequences were used in the Human 94
Connectome Project to generate high-resolution maps of functional connectivity using resting-state 95 fMRI. Todd et al. (2016) recently evaluated multiband sequences at several acceleration factors (2, 4, 96 and 6) and showed impressive gains on t-statistics, which varied depending on anatomical location, and 97 the precise reconstruction algorithm used. Boyacioğlu et al. (2015) also demonstrated benefits of a 98
Multi-Band Multi-Echo (MBME) sequence over a conventional multi-echo sequence at 7T, using both 99 resting-state and task-activation data. Preibisch et al. (2015) found a substantial increase in sensitivity 100 for resting-state analyses with four-fold acceleration, but also noted that higher acceleration levels 101 produced artefacts. 102
While this previous work is useful, several unanswered questions remain. The majority of previous 103 evaluations of multiband sequences have used resting-state fMRI data, with only a few using basic 104 motor (finger-tapping) or visual (typically, gratings or checkerboards) stimulation paradigms (e.g. Todd 105 et al., 2016; Boyacioğlu et al., 2015) . These simple tasks are a classic method for evaluating fMRI 106 sequences, but in many ways are quite dissimilar to the tasks used in modern cognitive neuroscience 107 research, which may be relatively complex, and activate a wider network of brain regions than simple 108 motor or sensory tasks. Secondly, there has been no published evaluation of the interaction between 109 use of multiband-accelerated sequences and factors related to experimental design. there has never been a direct comparison. 118
Our aim was therefore to address some of these questions, by performing as comprehensive a test of 119 multiband acquisition sequences as possible, using several tasks, a number of different analysis 120 approaches, and two different scanner platforms (a long, 60cm bore system, and a short 70cm bore 121 system, both 3T). Our broad aim was to evaluate the 'real-world' performance of multiband sequences, 122 using (currently) typical experimental and analysis techniques. We conducted two main experiments. 123
The first sought to characterize the effect of a range of multiband acceleration factors (2-6) on a 124 complex task that maps a number of sensory, motor, and cognitive networks. We then used a narrower 125 range of acceleration factors (2 and 3) to comprehensively evaluate the statistical benefits of multiband 126 sequences in three paradigms (two cognitive tasks, and resting-state data), with a number of different 127 analysis approaches. We completed each experiment on both scanner platforms. 128
Experiment 1 Methods
129
Participants
130
Ten healthy volunteers were recruited for Experiment 1 of the study (5M, 5F, mean age = 24.6, range 131 20-39). Standard MRI screening procedures were followed for all participants in advance of testing. 132
Informed consent was obtained from all the participants. 133
Data Acquisition 134
Data was acquired on two scanners of the same field strength, but different RF, gradient, and magnet 135 designs. Scanner 1 was a long bore 3T Siemens Tim Trio, and Scanner 2 was a short, wide bore 3T 136
Siemens Magnetom Verio. The in-built body coil was used for RF excitation and the manufacturer's 32 137 channel phased-array head coil was used for reception in both scanners. 
156
Procedure and Tasks 157
Prior to the main experiment, a MRI phantom was used to collect one scan of each of the six sequences 158 on each scanner. One hundred volumes of each sequence were collected, and these were used to 159 calculate basic temporal signal-to-noise (tSNR) characteristics for all the sequences. 160
In the main experiment, participants viewed the visual stimuli through a mirror attached to the head coil 161 that provided a view of a screen placed in the back of the scanner bore. Images were back-projected 162 onto this screen through a waveguide in the wall of the scanner room. Auditory stimuli were delivered 163 to the participant through MRI-compatible pneumatic headphones. Both scanners had similar audio-164 visual hardware. 165
The fMRI task (programmed using PsychoPy; Peirce, 2007) The first-level analyses of all the subjects were combined into group level analyses using mixed effects 207 (FLAME-1) models. A set of 14 group-level models were produced, one for each acquisition sequence 208 performed on each scanner. A statistical threshold of Z = 2.3 (p < 0.05 cluster-corrected for multiple 209 comparisons) was used for all group analyses. 210 211
The group level results from one of the standard EPI sequences on each scanner were used purely as 212 functional localizers, to define Regions Of Interest (ROIs). This ensured that the ROI definition used 213 entirely separate data and was unbiased. The ROIs were based on a set of key regions corresponding to 214 the major activation clusters in the task: 1) primary visual areas in the occipital lobe, 2) primary auditory 215 areas in the temporal lobe, scores that is more reliable than simply using the peak score in the image. These two metrics were 225 chosen as they relate directly to the amplitude of activation. Other measures that relate more to the 226 spatial extent of activation clusters (such as number of activated voxels) may be problematic for 227 multiband sequences because of 'slice leakage' effects, which reduce the independence between slices, 228 can alias activations from one simultaneously-acquired slice to another, and create false positive 229 activations at higher (4-6) acceleration levels. (Todd et al., 2016 ). Significant differences between both of 230 these summary measures across the six differences were assessed using standard statistical methods 231 (ANOVA and t-tests). 
Experiment 1 Results
238
Temporal signal-to-noise measures 239 Figure 2a shows the results of the tSNR analysis performed in both scanners (Scanner 1 on the left and 240
Scanner 2 on the right). There is an increase in tSNR for MB1 and MB2 compared to the Standard EPI, 241 while MB3 is approximately the same level as the Standard EPI. Furthermore, a trend of reduced tSNR is 242 observed in the more accelerated multiband sequences (MB4 and MB6) in both scanners. 243
BOLD statistical maps 244
As expected, the whole-brain analysis for the fMRI battery task revealed significant activation in key 245
areas across all the sequences tested in both scanners. However the strength and extent of activated 246 voxels in each functional area varied (see figure 2). The standard EPI sequence produces adequate BOLD 247 activation, with active voxels in the MB1, MB2, and MB3 sequences showing a similar pattern of 248 intensity and spatial extent. However, the MB4 and MB6 maps are somewhat poorer, with reduced 249 activation clusters for the motor and language tasks in particular. In addition visual activation in the 250 occipital lobe is reduced in the fastest MB4 (Scanner 1) and MB6 (both scanners) sequences. 251
ROI analysis 252
ROIs (see figure 1) were defined based on independent data collected during each scanning session. A 2 253 (Scanner) by 6 (acquisition sequence) by 5 (trial condition) ANOVA was performed on the ROI data, and 254
showed a main effect of scanner 1% of activated voxels in each of the five contrasts/ROIs showed a trend of increasing Z scores across all 276 contrasts in both scanners (see figure 1c) . The statistical results showed that the gains on Scanner 1 277 were marginal, with few significant differences. However, the increase in the top range of Z scores on 278
Scanner 2 was more reliable, with a coherent pattern of significant increases in Z scores across 279 multiband acceleration factors in the majority of the contrasts (excepting the auditory and language 280 aspects of the task 
Experiment 1 Discussion
299
Results from experiment 1 were somewhat mixed, with a clear decrease in tSNR at higher acceleration 300 factors, and only marginal differences when conventional analysis methods (calculating % BOLD signal 301 change in ROIs) are used. However, the analysis of the mean of the top 1% of Z scores showed some 302 benefit of the multiband sequences on the top range of the statistical results, suggesting somewhat 303 stronger effects and more robust statistics. 304
The task used in experiment 1 was a fast event-related paradigm, designed to map a number of basic 305 sensory, motor, and cognitive functions in as short a time as possible. This task was chosen as it provides 306 several different readouts, and its short duration still allowed seven repetitions in a single scanning 307 session without excessive subject fatigue. However, the design is not entirely typical for an fMRI 308 experiment, with short trials, presented almost continuously. It is possible that the statistical benefit of 309 short-TR multiband sequences might be more evident with a different task design. Taking into  310 consideration all the results of experiment 1, the highest-performing sequences (in terms of tSNR, and 311 the results from the main experiment) were MB2 and MB3. It was therefore decided to test the MB2 312 and MB3 sequences against the standard EPI sequence, on several different tasks, and using a variety of 313 analysis approaches. This was the aim of experiment 2. 314 315
Experiment 2 Methods
316
Participants
317
Fourteen healthy volunteer participants were recruited and tested on each scanner (Scanner 1: 7M, 7F, 318 mean age = 24.86 range = 21-33; Scanner 2: 9M, 5F, mean age = 26.36, range = 21-39). Standard MRI 319 screening procedures were followed for all participants in advance of testing. Informed consent was 320 obtained from all the participants. 321
Data Acquisition 322
The standard EPI, MB2, and MB3 sequences used in experiment 2 were the same as those used in 323 experiment 1 (see table 1), with the only difference being the number of volumes acquired in each 324 sequence (see description of tasks below). High-resolution T1 images and B0 field-maps were also 325 acquired at the beginning of each session, also using the same sequences as experiment 1 and described 326 above. As in experiment 1, data was acquired on both scanner platforms. 327
Procedure and Tasks
328
Experiment 2 employed a within-subjects design with an event-related design task, a block-design task, 329 and a resting state scan. Both the tasks were programmed in PsychoPy (Peirce, 2007) . 330
The event-related paradigm was a faces/places task (Epstein & Kanwisher, 1998 from the same 12 individual were used, with 24 stimuli in total. The 'places' stimuli were acquired 334 through internet searches of standard stock image libraries using Google image search (all 335 royalty/copyright free images, labelled for reuse). Twelve 'positive' place images (attractive 336 neighbourhoods, peaceful landscapes, etc.) and 12 'negative' images (war-torn landscapes, bombed 337 buildings, etc.) were acquired and used in the task. Each image was presented for 2 seconds, during 338 which the participants were asked to classify each image as either "positive" or "negative" using two 339 keys (index and middle finger, respectively) on a response box. Presented at the bottom of the screen 340 was a small schematic of a hand with the responses marked near the index and middle fingers, as a 341 reminder of the response mappings. Inter-trial-intervals (ITIs) of variable duration (2-10s) with a mean of 342 5.5s and an approximately Poisson distribution (Hagberg et al., 2001) were used, during which the 343 screen was blank. There were 48 trials, and three different pseudo-random stimulus sequences were 344 programmed for use in the three repetitions of the task in each scanning session. The total duration of 345 the task was 6 minutes. 346
The block-design paradigm was an N-back task designed to tax working memory capacity, adapted from 347
Ragland et al (2002) . Alternating 0-back and 2-back blocks were presented. For the 0-back blocks, the 348 participants had to remember an initial target letter and respond whether the subsequent letters 349 matched the target. In the 2-back blocks, the participants had to recall whether each letter presented on 350 the screen matched the letter that was presented two trials before. Participants responded using an 351 MRI-compatible response box, with the index and middle finger of the right hand used for 'yes' and 'no' 352 responses, respectively. Each block lasted 20 seconds, contained 10 two-second trials, and was followed 353 by a 10 second rest period. Six repetitions of each block type were presented, for a total task time of six 354 minutes. 355
The final paradigm was a six minute resting state scan. Participants were instructed to keep their eyes 356 open, and to relax. A blank screen was displayed for the duration of the scan. 357
The first scan was always the faces/places task, followed by the N-back task, followed by the resting-358 state, and this order was maintained throughout the scanning session. Each task was presented three 359 times for a total of nine in a session, with a different acquisition sequence (standard EPI, MB2, or MB3) 360 used for each set of three tasks. The order of acquisition sequences was randomised across participants, 361 and all participants were blinded to which acquisition sequence was being used on which tasks while in 362 the scanner. Scanning sessions on each scanner were identical, and 12 of the 14 subjects completed 363 both sessions. Four subjects completed sessions on only one scanner. 364
Analysis
365
Pre-processing of the anatomical and functional data was exactly the same as in experiment 1. 366
Analysis of the N-back task in FSL's FEAT module used the 0-back and 2-back blocks modelled as 367 explanatory variables, and also included standard head-motion regressors. The same Gamma function 368 was used to model the HRF as in experiment 1. Contrasts were computed to model the effects of each 369 condition alone (relative to the baseline segments of the time-series), and 2-back > 0-back. 370
For the faces/places task the experimental conditions were: face +ve, face -ve, place +ve, and place -ve. 371
Individual regressors were produced for each, and the model also included the first temporal derivative 372 of each regressor, as well as the standard head-motion parameters. The HRF was modelled with the 373 same standard Gamma function. Contrasts were computed to model the effects of each condition alone 374 (relative to baseline) as well as to examine the effects of faces > places (and vice versa) and positive > 375 negative (and vice versa). 376
For the resting-state data, seed-based connectivity analyses were performed using Posterior Cingulate 377 Cortex (PCC) and anterior insula masks (see figure 4), both derived from Neurosynth (using thresholded 378 versions of the 'default' and 'salience' term maps, respectively; 379 http://neurosynth.org/analyses/terms/default/ and http://neurosynth.org/analyses/terms/salience/). 380
These standard-space masks were back-projected into individual subject space, and time-series were 381 extracted from the ROIs for each individual subject. These formed the basis for defining three networks, 382
the segmented (using FSL's FAST module), and mean white matter and CSF time-series were produced, 387 using the separate anatomical masks. These were included in the model as regressors of no interest, 388 along with standard head-motion regressors. 389
The first-level analyses of all the paradigms were combined into group analyses using mixed effects 390 (FLAME-1) models. As for experiment 1, a statistical threshold of Z = 2.3, (p < 0.05 cluster-corrected for 391 multiple comparisons) was used for all group analyses. A set of six group-level analyses were produced 392 for the N-back and faces/places task (three sequences, tested on the two scanners) and a set of 18 393 models was produced for the resting-state data (three different defined networks, using three 394 sequences, on two scanners). Subsequent ROI analysis was conducted using ROIs derived from the 395 'working memory' term on Neurosynth (http://neurosynth.org/analyses/terms/working%20memory/) 396 for the N-back task. ROIs for the faces/places task were defined based on the 'faces' and 'place' terms 397 on Neurosynth (http://neurosynth.org/analyses/terms/faces/ and 398 http://neurosynth.org/analyses/terms/place/). This independent definition of the ROIs based on 399 automated meta-analysis of the previous literature provided an unbiased and objective ROI definition. 400
Data was extracted from these ROIs for each task condition in both tasks, relative to baseline, for each 401 sequence, and for data from each scanner. As in experiment 1, two different summary measures were 402 computed; a ROI-based measure of BOLD percentage signal change from baseline, and a measure of the 403 top 1% of Z values in the statistical maps. The latter measure was also used to quantify the resting-state 404 data. 405
Additional analyses of the resting-state data used the dual regression procedure (Beckmann et 
Experiment 2 Results
433
Faces/Places Task 434
Inspection of the statistical maps from the three sequences (see figure 8a) showed a broadly similar 435 pattern of results, with hippocampal and para-hippocampal regions responding strongly to place stimuli 436 and ventral visual regions in the fusiform responding preferentially to face stimuli (in line with previous 437 work, e.g. Epstein & Kanwisher, 1998) . ROI data was analysed using a 2 (scanner) by 3 (acquisition 438 sequence) by 4 (task condition) ANOVA model. This showed only a significant main effects of task 439 condition (F[3,39] = 22.17, p < 0.001). Hypothesis-driven post hoc tests again compared multiband to the 440 standard sequence. A significant difference is only seen between the standard EPI and MB3 sequences 441 for the face -ve stimuli on Scanner 1 (see table 4 , and figure 5a). Analysis of the highest 1% of activated 442 voxels using the same ANOVA model showed significant main effects of acquisition sequence (F[2,26] =  443 28.79, p < 0.001) and task condition (F[3,39] = 67.537, p < 0.001). Post hoc comparisons revealed a 444 consistent significant increase for both multiband sequences compared to the standard EPI, across all 445 stimuli and both scanners (excepting place -ve stimuli on Scanner 2; figure 5b and table 5). Differences 446 between MB2 and MB3 were small, and not statistically robust. 447
Further analysis on the valence dimension of the stimuli using MVPA showed poor performance (not 448 significantly different to chance/50%) of the classifier algorithms for the standard EPI sequence (figure 449 5c). However, classification performance on the MB2 and MB3 sequences was improved, and 450 statistically reliable (with the exception of the MB3 sequence using the SVM classifier, on Scanner 2). 451
This suggests that the MB2 and MB3 sequences are better at providing distinctive patterns of BOLD 452 activation between positive and negative images. 453 The patterns of BOLD activation found in this task were again reasonably similar across the three 462 sequences (see figure 8b ) and also consonant with previous work using similar tasks ( The multiband sequences even produced statistically reliable decreases in sensitivity in the N-back task, 550 when using ROI measures of percentage signal change. This highlights the potential role of experimental 551 design; in this block-design task, the advantage of averaging more data points per block may be marginal, 552 as each block already contains a large number of TRs. Increases in leakage-factor related noise from the 553 multiband acceleration may then decrease the sensitivity (Xu 2013 ). Event-related designs with shorter 554 trial events may therefore benefit more from higher temporal resolutions, and this seems to be the case 555 in the event-related faces/places task, though even here the gains seen in ROI measures are not 556 impressive. 557
What these data demonstrate overall is that substantial reductions in TR do not produce strong benefits 558 in statistical reliability in a straightforward manner. As has been shown previously (e.g. Smith et al., 559 2013) resting-state fMRI can substantially benefit from higher temporal resolution scanning, but this is 560 not necessarily true for task paradigms, particularly when using ROI-based measures. One intriguing 561 counter-example is the MVPA of the faces/places task data, which showed a largely consistent gain in 562 sensitivity with the higher speed sequences; an advantage that produced statistically significant results 563 in the multiband sequences, but not in the standard one. In this case, the larger number of data points 564 may have served to produce more robust (i.e. less noisy) estimates of the average pattern of activity 565 across trials, which in turn led to more reliable classifier performance. Much more work will be needed 566 to substantiate this finding, and tease out the interaction between these novel acquisition schemes, and 567 this also relatively novel analysis method. 568
Results from the two different scanner platforms are generally relatively symmetrical, with only minor 569 differences. Scanner 2 produced a more coherent pattern of significant differences between the 570 sequences in experiment 1, while Scanner 1 produced a (marginally) more coherent pattern in 571 experiment 2. The two scanners tested have identical field strength (2.89T) and identical 572 acquisition/reconstruction software was used on both, but Scanner 1 is a long, narrow-bore magnet and 573
Scanner 2 is a short, wide-bore magnet. A number of hardware differences are important for the 574 performance of multiband sequences. The design and size of the transmitting RF body coil differs, 575 changing SAR and RF power requirements for the high multiband factor RF pulses. The gradient systems 576 also differ, especially in their ability to actively cool from the high duty cycle EPI readouts. Disadvantages 577 from the heating of the gradient system are manifold, but for multiband sequences the concomitant 578 heating of the body coil changes the B1 field imparted. Finally, the main field (B0) homogeneity is more 579 uniform and more stable in the long narrow-bore design. The relatively equivalent results on both 580 systems are reassuring, in that researchers can be confident that results will likely be reasonably 581 generalizable across other scanner platforms. 582
We sought to perform an evaluation of multiband acquisitions in a comprehensive and 'real-world' 583 manner, using statistical outcome measures that working researchers tend to use. This entailed using a 584 set of tasks chosen to give a range of effects within different experimental designs, and also collecting 585 data from a set of human subjects. Much useful work in evaluating sequences can be done using MRI-586 phantoms and even simulation data, which certainly produce results with less variance. We sought to 587 eliminate obvious subject-related confounds in our data by randomisation of the acquisition sequences 588 within a scanning session, and randomising the order in which subjects took part in sessions on the two 589 scanners. However, at least some of the variability in our results could be plausibly subject-related. As a 590 measure of the 'real-world' performance of these sequences though, it could be argued that this is 591 actually a more true reflection of their performance in such settings than phantom or simulation data 592 would be. The tasks were chosen because they reliably produce well-replicated effects in a relatively 593 short scan time, and they covered the two most common types of experimental design (block, and 594 event-related). Clearly though, many other tasks also fit those criteria, and it is possible that there is 595 some element in these particular tasks that confounded our results. Further testing with a greater range 596 of paradigms and experimental designs would be ideal. 597
Based on these data, our recommendations for researchers interested in high-temporal resolution fMRI 598 are essentially to proceed with caution. For resting-state fMRI there are obvious benefits, documented 599 in the current data, and also by others (e.g. Smith et al., 2013) . For task-based fMRI the picture is less 600 clear, and any statistical benefit arising from a higher sampling rate is likely to depend on several factors, 601 including the experimental design, the particular statistical outcome measure, and features of the 602 analysis used. 603 604
